The changes in interparticle spacing upon hydration and dehydration of drop-cast films of hydrophilic gold nanoparticles (GNP) have been measured in-situ with nanometer resolution using WetSTEM and ESEM. These subtle variations correlate well with the corresponding changes in the optical spectra and perceived color as well as changes in the electrical conductivity of the films. AC impedance analysis allows to differentiate between resistive and capacitive components and to evaluate how these depend on average particle spacing and the water content of the matrix, respectively. Thin films of this type are well known structures used for development of sensors and diagnostics.
Introduction
Thiolate-capped gold nanoparticles commonly referred to as monolayer protected clusters (MPCs), have been extensively studied over the past two decades. [1] [2] [3] [4] One of their most promising "real life" applications is the use of superlattices of particles as active components 1 in artificial-nose-type sensing devices. 5, 6 The first report on using MPCs in gas sensors was published by Wohltjen and Snow 7 in 1998 followed by a gradually growing body of similar work. [8] [9] [10] [11] [12] [13] [14] While ambient sensing generally focuses on the electrical conductivity of MPC superlattice films as the critical parameter, transitions in optical and structural properties also occur in these materials. Such phenomena have been extensively studied by Korgel and coworkers including temperature induced structural transitions.
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Perhaps the most exciting recent development in this field of research, has been the work by
Haick et al. on lung cancer diagnostics based on analyzing patients' breath with an array of different MPC film sensors. [18] [19] [20] Since electrical conductance through MPC films occurs by electron hopping from particle to particle, changes in average interparticle spacing and in the composition of the matrix material greatly affect its value. While sensing is broadly based on these dependencies, the detailed specific responses to any particular environmental analyte are usually not fully understood, in part, because it is very difficult to obtain high-resolution data on the molecular scale interactions between the analyte and the sensing material. Not only the conductivity, but also the optical properties of gold nanoparticle films depend strongly on particle spacing and on the matrix refractive index. [21] [22] [23] In general, a slight broadening and red-shift of the plasmon band resulting in a change of perceived color from red to blue is observed as the particle spacing decreases. 24, 25 This has been particularly well illustrated and quantitatively explained based on Mie theory, by Mulvaney et al. using families of Au@SiO 2 core-shell particles with a range of different shell thicknesses to control the spacings between the metallic cores. 22 Manipulating the optical properties in similar ways has been realized in a range of self-assembled plasmonic structures comprised of mixtures of various nanomaterials.
26-28
In sensor devices, the changes in interparticle distance are often more subtle, and the corresponding changes in the optical properties are usually quite small. However, various methods have recently been developed to measure differential changes in absorbance for fixed wavelengths, creating multiplexed vapor sensors with high sensitivity. [29] [30] [31] Furthermore, there is formats based on color changes of gold nanoparticles upon aggregation.
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The electrical properties of ligand-stabilized GNP films, have been widely studied over the years. [7] [8] [9] [10] [11] [12] [13] [14] [18] [19] [20] [41] [42] [43] The critical parameters are particle core size, interparticle spacing, and the dielectric constant of the matrix material. As expected, shorter ligands and larger particle core-size lead to materials with higher conductivity, whereas longer ligands and smaller coresizes result in lower conductivity. 44 The dominant mechanism of electron transport through these materials is thermally activated electron-hopping. [41] [42] [43] The dielectric properties of the matrix mainly affect the capacitance between the particles and depend on the chemical identity of the ligand and the nature of the environmental molecules, for example, water.
Engineering the chemistry of the ligand is a versatile way of modulating the conducting properties of nanoparticle assemblies. Tuning key parameters such as particle-particle distance, electronic coupling between particles, and dielectric environment has been widely explored. [44] [45] [46] For example, Wessels et al. 10 showed that fully conjugated ligands (a benzene core with dithiocarbamate group) can increase conductance significantly relative to a non-conjugated ligand (cyclohexane with a thiol group) because of the lower charge-transfer energy barrier of the fully conjugated ligand. Stansfield and Thomas 47 revealed a substitution effect of the gold nanoparticles modified by an arylthiol ligand, in which electron-withdrawing substituents markedly increase conductivity.
While it is known that the relative humidity (RH) affects the sensitivity of GNP based VOC-sensors, 8, 39, 48 most investigations are concerned with hydrophobic analytes and water is considered an inconvenience.
We and others have recently documented the ability to image by environmental scanning electron microscope (ESEM) and wet scanning transmission EM (WetSTEM) fully hydrated thin films of hydrophilic gold nanoparticles and nanorods, respectively, at high enough resolution to study the ordering of individual particles with respect to each other. 49, 50 De Jonge and colleagues have imaged the movement of GNP at a solid/liquid interfaces Scanning
Here we present a detailed study in which the macroscopic properties (color and conductivity) of hydrophilic gold nanoparticles under various conditions of hydration and dryness are correlated with the nanoscopic structure of the films as analyzed by ESEM and Wet-STEM. This offers direct insight into the reversible structural changes occurring in MPC based materials during the sensing process.
Results and discussion

Structural response
Moderately polydisperse PEG-thiol-stabilized gold nanoparticles with a size distribution centered at 19 nm (see figure SI1 in SI) were drop cast from ethanolic dispersion onto carbon coated TEM sample grids and inspected by WetSTEM under various conditions of relative humidity (RH) from 0% to 100%. Figure 1 shows dark field (DF) WetSTEM images of the GNP assemblies at 100% and 0% RH. Note that the structural differences between the two extreme cases are subtle, but significant (see also animation ESIA1-3 in SI). While the fully hydrated samples appears as quite homogenous rafts of particles with uniform interparticle distances, in the completely dry sample, clusters of particles with reduced interparticle distances are formed. This results in the formation of defect-sites and gaps within the rafts (b+e). The overall effect is that isolated islands shrink, as do thin bridging structures ( figure   1c+f ). For voids in the structures the opposite occurs and their apparent size increases (b+e).
To illustrate the humidity dependent structural changes, it is instructive to measure the surface area of small islands of particles as well as that of the naturally occurring voids within the rafts of particles. Figure 1g+h shows the relative change in size in a range of voids (yellow) and islands (blue) from hydrated to dry. While the voids increase in area size upon drying, the area of the islands decreases. This is consistent with the general tendency of the 5 interparticle spacing to decrease upon drying. It should be noted that the same behavior was seen all over the sample, regardless whether a particular area had previously been exposed to the electron beam during imaging in wet conditions. This observation rules out the electron beam irradiation as the driving force behind the observed phenomena. What is more, our experiments showed that a prolonged beam exposure lead to a local pinning of the GNP film, in contrast to the behavior recorded using minimal electron irradiation.
For comparison, similar investigations have been conducted on very monodisperse 17 nm GNP and similar effects were found (see figure SI2 in SI). This supports the notion that the observed changes in particle spacing are not simply an effect of polydispersity and size miss-match within the packed clusters.
To quantify the changes in interparticle distances, software line-scans were performed on a range of the individual islands deliberately selected to be single grain, i.e. without cracks formed upon drying. Figure 2 shows two normalized linescans obtained from the WetSTEM images in figure 1 , across the island marked "18", for both dry and hydrated conditions. conditions we know that the interparticle distance in the dry state is 4 nm (see figure SI3 in SI). This means that the interparticle spacing changes from 4 nm in the dry state to 5.8 nm ± 0.5 nm in the hydrated state. These values will be of interest when discussing the optical and electrical responses of the material. We have recently determined ligand shell thicknesses of comparable materials using differential centrifugal sedimentation (DCS). 52 According to these studies, the particles used here have an estimated ligand shell thickness of approximately 3 nm. This means that in the dry state, there has to be a significant interdigiation of ligands between adjacent particles to enable an average interparticle spacing of 2 nm.
This is well known in alkane-thiol stabilized particles. 53 In the hydrated state the distance measurement by WetSTEM correlates well with the ligand shell thickness inferred from DCS studies.
We thus interpret the increase/decrease in interparticle distance upon hydration/dehydration as a reversible interdigitation of the hydrophilic PEG ligands (see figure 1i+j ). Upon dehydration the more closely packed particles form clusters which are separated from each other by noticeable cracks that account for the shrinkage of interparticle space. The role of the water appears to be to hydrate the individual PEG strands which introduces a slip-zone that makes interdigitation less favorable compared to the dehydrated state. This is in line with previous interpretations of GNP based artificial nose type devices 8, 9, 11, 12 and represents the first direct observation of this effect under fully hydrated conditions. A real-time movie of the drying process can be found in the SI (ESIV1).
While resolution is better in transmission (WetSTEM) mode, this limits the choice of substrates significantly and is therefore not very representative of the samples investigated outside the STEM. It is well known that many ordered structures of nanoparticles form preferentially on the amorphous carbon substrates typically used as TEM sample holders. To exclude that the observed phenomena are specific to this type of substrate, we also conducted 7 an investigation on native-oxide covered silicon, a typical substrate in device fabrication with similar surface properties to glass. 49 By using ESEM mode it is perform such an investigation, while still utilizing the full range of RH. Figure 3 shows ESEM images obtained on a almost fully hydrated surface (92% RH), where some areas are wet and other remain relatively dry.
The images in figure 3 show a transition from a wet to dry part of the sample, clearly in- Figure 3 : ESEM investigation of GNP assemblies on a partially hydrated (RH = 92%) silicon surface. a) Overview of the GNP structures. b) Transition region between wet and dry area. c) Fully hydrated region, evident from the even particle distribution and slight reduction in contrast due to presence of water. d) Dry region, evident from the cracks in the GNP structure and shorter interparticle distance.
dicated by the change in interparticle distance (especially the cracks in the bulk structure are obvious). Comparing the image in 3c and 3d the structural difference are clearly seen.
This confirms that the effect observed in WetSTEM on a hydrophobic carbon-surface also 8 appears on hydrophilic silicon, suggesting that the drying behavior is indeed dominated by the ligand-coated GNP, and not by the nature of the substrate.
Optical response
While dispersions of GNP in ethanol (and water) are ruby red, films painted from them appear blue when dried under ambient conditions (see figure 4a insert). This is typically observed for a vast range of gold nanoparticle preparations and indicates that the particles aggregate and are in close proximity to each other in the dry deposits. 38 As previously reported by other groups for organic vapor sensors, [29] [30] [31] in our samples, the transition from red to blue upon drying is fully reversible. This is comparatively rare since most structural transitions of this type are irreversible. It is sufficient to carefully blow on the film to change its color back to red for the short moment the film remains hydrated (see inset figure 4b and video ESIV2 in SI).
To investigate this property further, a sample was drop cast onto a microscope slide and imaged under an optical microscope (see figure 4 ). The images in figure 4 left show the closer investigation it is observed that the color change effect is localized, as seen in figure   5a , which is obtained as the sample dries again. Comparing this optical microscope image to an ESEM image obtained under similar humidity conditions (figure 5b+c), the localized effect is also clearly visible. As the sample is hydrated, water droplets form on the surface 49 which slightly changes the interparticle spacing in these regions (as is visible in figure 3c ).
This change in GNP packing changes the optical properties locally and can therefore account for the change in color observed in the optical microscope (see video ESIV3 in SI). The large clusters observed in the optical microscope is an effect of solvent evaporation and depends on both ligand and surface hydrophobicity.
49
We attribute this local change in color to a ligand-imposed interparticle spacing (see figure   1i+j ), which varies with hydration within the narrow range in which the perceived color is strongly dependent on the spacing. This phenomenon has been studied in great details by Mulvaney et al. 22 To quantify the effect and to compare with Mulvaney's set of results we obtained UV/VIS spectra of our films under controlled humidity conditions. This is done by using a fiber-optical spectrometer connected to a small closed chamber in which the RH can be controlled. A 10 µL sample is drop cast onto a microscope slide and placed on cuvette holder inside the chamber. A white light source is used to illuminate the sample and absorption is measured using the spectrometer. Initial testing show no change in absorption spectra below 80% RH and then a gradual shift of the peak as the RH increases.
Starting from standard conditions (room temperature and RH), the sample chamber is slowly filled with water vapor to increase the RH and absorption spectra are obtained continuously.
All spectra show a clear absorption peak indicative of the plasmon resonance, although water condensation makes values at really high RH (> 97%) hard to measure reliably due to attenuation. In all spectra, the peak position is recorded and figure 6 show the peak position as a function of measured RH for a full hydration and dehydration cycle. The observed sharp drop (≈ 95%) is due to condensation of water in the film, which is a typical nucleation phenomenon, while the relatively gradual increase (≈ 80%) in peak position with decreasing RH, is attributed the gradual drying of the film. This behavior is the source of a significant hysteresis in the wetting and drying cycles. Note that water condensation also makes it hard to obtain reliable RH values above 95%. Using this method, a total peak shift of 40 nm
(from 575 nm to 535 nm) is measured using the humidity chamber.
To investigate sample reversibility and reproducibility, a sample is cycled 20 times from dry to fully hydrated (in the microscope) and absorption measured (at both dry and hydrated conditions). The plot in figure 7a , show all 41 normalized absorption spectra. The two set of peaks clearly indicate a complete reversibility of the system between hydrated and dry conditions and reveal an average peak shift of 45 nm ± 5nm.
Microscope images are obtained after each drying step in the cycling experiment (see figure   7b and animation ESIA4 in SI) and reveal that the local film structure has changed significantly. This is in correspondence with earlier findings that reveal microscopical structure changes in GNP thin films in ESEM where whole clusters of GNP are observed to "float" on wet sample surfaces.
The position of the plasmon absorption peak depends on the refractive index in which plas- shown in figure 7 is in the opposite direction indicating that the change in particle spacing upon drying overcompensates the effect of change in refractive index. 22, [57] [58] [59] This is coherent with previous reports where relatively small changes in the interparticle distance lead to plasmon peak shifts in the range of tens of nanometers.
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Mulvaney and coworkers have clearly demonstrated in a combined experimental and computational study that for films of regularly spaced monodisperse spherical gold nanoparticles with filling factors of 0.5 or smaller the optical properties are well predicted by the established Maxwell-Garnett model, which is based on Mie theory for isolated particles within a homogeneous matrix but takes into account the effective medium due to the proximity of particles within the film. 22 Achieving unprecedented control over all key parameters Mulvaney et al. used films formed by highly uniform Au@SiO2 core-shell nanospheres where the well-defined thickness of the silica shell controlled the interparticle spacing and hence the volume fraction occupied by the gold cores. Our films are very similar in structure and appearance except for a moderate polydispersity and a variable interparticle spacing that 13 is controlled by the degree of hydration of the polymer shell. Rather than attempting to model the optical properties of the films from first principles, we can thus conveniently compare our results with those reported in Mulvaney's study. Upon hydration, the interparticle spacing of our films increases by about 2 nm from 4 nm in the dry state to nearly 6 nm in the fully hydrated state. This results in a 40 nm shift of the plasmon band, from 575 nm to 535 nm (see figure 7) . In comparison, Mulvaney reports a shift of 35 nm from 560 nm to 525 nm upon a change in particle spacing by 4 nm from 3 to 7 nm. This is a good agreement bearing in mind that our particles are somewhat bigger and less uniform and that our films may therefore have a filling factor slightly above 0.5, i.e. at the validity limit of the Maxwell-Garnett model. In addition, we have no precise control over the thickness of our drop-cast films, and Mulvaney's work also shows that the position of the plasmon band depends not only on the interparticle spacing, but also on the absolute thickness of the film.
Our finding of a marginally more pronounced distance dependence of the optical properties can be accounted for by these differences.
Electrical response
The conductivity of the films deposited on an interdigitated electrode (IDE) array was characterized in two different ways. The first consisted in a simple two-point measurement of the DC resistance using a standard multimeter, and the second in a detailed AC impedance analysis. Most conclusions can be drawn directly from the DC measurement.
Under ambient conditions (45-50% RH) the average resistance based on 15 measurements across 3 IDE's, was 720 Ω. These values increased under fully hydrated conditions (100% RH) to an average of 2600 Ω. The average increase due to hydration is a factor of 3.8, with a standard deviation of 1.1. The averages mask some variation attributed to inconsistencies in film structure following drop casting. The values for each IDE are shown in table 1.
Recovering the conductivity from the measured resistance of an IDE is slightly more involved than for simple geometries. The specific conductivities of the GNP films were therefore deter- mined by both finite-element simulation and analytically 65 These values were generated by the simulated model, and were 20% higher than those predicted by the analytical solution. This is because the analytical solution fails to take into account potential drops along the digits of the electrode, which were significant due to the extreme aspect ratio of the digits (1:1340), and the relative conductivity of the films. These numbers are higher than many previously reported values for GNP films. 2, 10, 65, 66 However, it is known that subtle variations of film compositions can lead to changes in conductivity over many orders of magnitude. We attribute the high conductance of our GNP films predominantly to the metal core size of our particles which is about ten times that of most reported materials. This implies that the gold content of our films by volume is four to six times higher than that of films made with significantly smaller particles. In addition we would not expect coulomb blockade effects which in the case of much smaller particles can impede charge separation and hence electron transfer. With respect to the decrease in conductivity upon hydration, several groups 41, 43, 67 have confirmed that shorter carbon-chains, as expected, lead to higher conductivity. An increase in conductivity up to 7 orders of magnitude has been reported when decreasing the chain length from C9 to C3. 43 In comparison, our variability of interparticle spacing based on PEG swelling upon hydration, is relatively small, but still gives rise to significant change in conductivity. It is known that interparticle spacing also has an effect on the activation energy for charge hopping, however for larger particles such as ours, the effect on conductivity should be negligible, on the order of 2%. 68 With a binary data set (hydrated/ambient) it is not possible to, as others have done, 2,65 fit separation vs conductivity to demonstrate the exponential decay expected for tunneling/hopping mecha-15 nisms.
It should be noted that, an opposite effect, i.e. an increase in conductivity upon hydration has been reported previously 66 using short-chain hydrophobic ligands, hence we would not expect the swelling effect presented here. Nevertheless, an increase in conductivity upon hydration can also be observed in our films if the measurement is taken a significantly larger area so that microscopic cracks compromise the continuity of the films (see SI for details). In this case dry films show practically no conductance whereas hydrated films do conduct due to the "healing" of the cracks (observed in the WetSTEM images (see figure 3) ). The results obtained on the IDE should be seen as equivalent to measuring the electrical properties of the unfractured islands shown in figure 3. 
Conclusions
The very small changes in interparticle spacing in GNP films caused by swelling of the hy- Typically batches of GNP prepared in this way vary in monodispersity. Most measurements were obtained from moderately monodisperse samples. Control experiments using a sample of exceptional monodispersity, did not lead to significant differences, except for the ability to obtain exact interparticle spacings of dry samples by FFT of TEM images.
Electron Microscopy
All scanning electron microscopy imaging was conducted using a FEI Quanta 250 FEG Scanning Electron Microscope (SEM), operated in either ESEM or WetSTEM mode for reaching "above-zero" humidity conditions, or in high vacuum mode (pressure in 10 −4 Pa range) for "zero" humidity conditions.
This microscope has a sample chamber which utilizes differential pumping, allowing for samples to be held at pressures of up to 2700 Pa. The chamber is equipped with a Peltier cooling stage and can be filled with pure water vapor. By adjusting temperature and pressure, according to the water phase diagram of water, complete humidity control is possible, so that fully hydrated (100% RH) samples can be imaged. This was utilized in both modes. In
WetSTEM mode full beam acceleration was used (30kV), while only moderate energy was used in ESEM (10kV). In both cases a spot size of 2.5 was used. For WetSTEM, samples were deposited on a copper TEM grid (Agar Scientific), covered with an amorphous carbon thin film. In ESEM a Si surface was used. A 4×4 mm wafers cut from a n-doped silicon
[100] wafer was cleaned with acetone and ethanol in a sonicator for 15 min in each solution and dried using Argon. These Si surfaces are normally covered with native oxide (around 1 nm) 73 and are quite hydrophilic (contact angle < 20 • ).
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Electron microscopy images were analyzed using ImageJ. Special care was taken to minimize image processing (in particular, image contrast and brightness adjustment), to avoid any misinterpretation that might arise from image "overprocessing". For that reason, the images were used as raw as possible, apart from applying color scheme in WetSTEM images.
While an electron beam can be used in many interesting ways to pattern surfaces, 75,76 SEM imaging is also known to to have a range of effects on the examined surface. For instance, it can affect the surface wettability, particle properties, induce surface heating, and even create free radicals. In accordance with previous work, similar protocols were followed to hydrate sample surfaces. 49 For hydration experiments the sample was slowly dehydrated in the SEM chamber to around 10% RH (200 Pa at 2 • C) and the water vapor pressure was then slowly increased to the dew-point and beyond, while surface features were continuously imaged. This method was followed for both ESEM and WetSTEM modes.
Ex-situ TEM imaging was conducted on an FEI Tecnai T12 Spirit microscope operating at an accelerating voltage of 120 kV.
In total for the results presented in this paper, we had spent 29 full-day ESEM sessions over the course of 11 months. In total, more than 70 samples were prepared by drop-cast deposition of GNPs on various substrates. All three vacuum regimes that the microscope can operate in (ESEM, low-vacuum, high vacuum) had been utilized in our investigation. Based on the results of our extensive study, we found that the clearest visualization of GNP selfassembly upon drying/wetting was achieved using dark-field WetSTEM at 30.000 to 100.000 × magnification, having the GNP deposited on amorphous carbon film (i.e. TEM grids).
Typically, in this way, only 1 to 2 samples undergoing multiple wet-dry transitions would be examined during a full-day session. Overall, approximately 20 WetSTEM samples were prepared and investigated; out of that, 8 samples were examined more thoroughly due to favorable appearance, with more than 60 spots (i.e. regions of interest) imaged in detail.
Virtually all of the images reveal the same behavior of GNPs during hydration/dehydration, albeit at various clarity/quality/resolution, strongly indicating that the findings are statistically very relevant. The micrographs presented in the manuscript were selected on the basis of their clarity and are very representative of the generally observed behavior. In total, more than 2300 images of GNP hydration/dehydration assemblies were acquired, including 336 pairs of bright-field/dark-field WetSTEM images, as well as 39 movies. In addition, 235
bright-field TEM images of 7 samples were obtained during 5 TEM sessions.
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Images are obtained using a fluorescence microscope (Brunel SP300F) equipped with a CCD camera (UCMOS 5100 KPA) and 10×, 20×, 40× and 100× microscope objectives.
Spectroscopic data are obtained using a spectrometer (Ocean Optics USB4000), connected to a white light halogen source (Ocean Optics HL-2000-FHSA). Both light source and spectrometer is connected to either side of a fiber-optic cell using multimode fibers and absorption is measured in transmission mode through a glass objective slide with sample deposited on the front side.
The humidity chamber consists of a 50 mm diameter glass tube (length 25 cm) containing a digital humidity sensor (Will Hi WH8040) and the fiber-optic cell. The chamber is connected to a hotplate with boiling water (Millipore, MilliQ+ 185) into which Argon (Standard grade pure, BOC) gas flows. By adjusting the Ar flow, the chamber humidity is controlled.
Electrical Characterization
The electrical properties of the particles were assessed by drop-casting a thin film, from ethanol, onto interdigitated platinum electrodes deposited on glass (Dropsense, G-IDEPR5).
The electrode contains 2 × 250 digits, each 5 µm wide and with 5 µm spacing (total digit length 6760 µm). Thickness of the GNP film is hard to estimate from a drop cast solution, but from the SEM images is estimated to be just a single monolayer. Resistance measurements were performed using a multimeter (Fluke, CNX 3000) and a potentiostat equipped with a frequency response analysis module (MetroHM, PGSTAT302N + FRA32M) which also provided the impedance analysis. The clean interdigitated electrodes had a dry resistance >50MΩ (and 3MΩ at 100% RH). Fitting of impedance data to equivalent circuit responses was achieved using simulation software (MetroHM, Nova 1.11).
Hydration was achieved by passing a stream of air saturated with water (Millipore, MilliQ+ 185) across the electrode surface. Zero humidity was prepared by sealing the electrode in a plastic tube (Vulcan Centrifuge) with desiccant (Sigma, silica gel).
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